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ABSTRACT Contraception may provide a useful nonle-
thal management tool to reduce wild bird populations.
We tested the efficacy of nicarbazin (NCZ) as a contracep-
tive for waterfowl and assessed health effects of NCZ,
using domestic mallards (Anas platyrhynchos) as a model
for Canada geese (Branta canadensis). Mallards were given
gelatin capsules containing 0, 8.5, 17.0, or 33.75 mg of
NCZ/kg of BW perorally once daily for 14 d. Fecal 4,4’-
dinitrocarbanilide (DNC) and fluorescein were evaluated
as potential markers of plasma and egg DNC levels.
Plasma, egg, and fecal DNC levels differed among treat-
ment groups in a dose response relationship. There were
no significant effects on the numbers of eggs laid per
female per day, proportion of fertile eggs, proportion of
eggs hatching, or egg yolk mottling. Hatchability was
0.55 £ 0.1 in the control group compared with 0.26 + 0.1
in the 33.75 mg/kg of BW group. Degeneration of the
vitelline membrane was evident at all treatment levels;

severity was dose-related and greater in the outer vitelline
membrane than the inner vitelline membrane. No signifi-
cant health effects were observed for birds treated with
NCZ. The heterophil:lymphocyte ratio was elevated dur-
ing the treatment and posttreatment periods in all groups,
indicating birds were experiencing stress due to handling.
Fecal DNC levels did not correlate well with plasma DNC
levels, likely due to NCZ being administered as a bolus
dose rather than being fed ad libitum. Fluorescein corre-
lated well with plasma DNC levels during the treatment
period and can therefore be used successfully as a nonin-
vasive marker to determine the approximate amount of
NCZ a bird is consuming. As a contraceptive, NCZ likely
would have minimal adverse health effects on the target
animal, although field studies with the species of interest
need to be conducted. Further research using higher NCZ
levels needs to be conducted to determine whether NCZ
can inhibit reproduction in waterfowl.
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INTRODUCTION

Canada goose (Branta canadensis) populations are ex-
panding, and nonmigratory populations are becoming
more frequent in urban areas as development provides
attractive, year round habitat (Forbes, 1993; Ankney, 1996;
Gosser and Conover, 1999). This creates health and safety
issues in urban areas as large numbers of geese in parks
and golf courses damage grass, create hazards if they
become aggressive (Conover and Chasko, 1985; Forbes,
1993), and deposit large amounts of fecal matter (Conover
and Chasko, 1985; Fairaizl, 1992). In addition, geese are
cause for concern at and around airports where bird-
aircraft strikes occur, causing serious aircraft damage and
potential loss of human life (Fairaizl, 1992). Hunting is
not feasible in urban areas to control Canada goose popu-
lations (Conover and Chasko, 1985; Heusmann, 1999).
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There are few places that allow goose translocation, and
annual roundups have met with public resistance in some
areas. Contraception may provide an acceptable alterna-
tive to manage bird populations at levels that allow for the
existence of geese and keep damage to socially acceptable
levels (Stout et al., 1997).

Nicarbazin (NCZ) is an anticoccidial drug routinely
used in the poultry industry at 125 ppm in feed to prevent
coccidiosis in broiler chickens. It is an equimolar complex
consisting of 4,4’-dinitrocarbinilide (DNC) and 2-hy-
droxy-4,6-dimethylpyrimidine (HDP). The function of
HDP is to increase absorption of the material in the gut,
whereas DNC is the active anticoccidial drug (Cuckler et
al., 1955; Rogers et al., 1983). When fed to laying hens,
NCZ impacts reproduction by either reducing hatchabil-
ity of eggs or reducing rate of egg laying (Jones et al.,
1990a; Hughes et al., 1991; Chapman, 1994). Nicarbazin
is thought to affect integrity of the vitelline membrane
(Britton and Hale, 1975; Cunningham, 1976; Chapman,
1994), allowing yolk and albumen to mix together (Cun-
ningham, 1977), and by causing egg yolk mottling (Polin
et al., 1957; Chapman, 1994). It can also affect pigmenta-
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tion of the eggshell (McLoughlin et al., 1957; Jones et al.,
1990b; Hughes et al., 1991).

Although the target species for NCZ contraception is
the Canada goose, the domestic mallard (Anas platy-
rhynchos) was used as a model species because mallards
will produce more eggs than Canada geese if the eggs
are removed to prevent the bird from incubating them.
In addition, mallards are more suited to reproducing in
a laboratory setting than Canada geese, and their repro-
ductive cycle can be easily manipulated by controlling
the light cycle.

Our objectives were to assess the potential of NCZ as
a waterfowl contraceptive by feeding specific levels of
NCZ to ducks and measuring DNC levels in plasma,
whole egg, and feces. In addition, the number of eggs
produced, egg fertility, and hatchability were also deter-
mined. Further objectives were to assess the effect of NCZ
on egg quality by measuring egg weight, shell thickness,
and degree of yolk mottling and by evaluating the vitel-
line membrane by scanning electron microscope (SEM)
in order to determine a mechanism of action. Because
adverse effects of NCZ have been reported in heat-
stressed chickens (McDougald and McQuistion, 1980),
we also assessed the effect of NCZ on bird health by
measuring bird weight, hematocrit, counts of white blood
cell types, and determining the heterophil:lymphocyte
ratio (H:L). Fecal DNC levels as an indirect measure of
plasma and egg DNC levels were evaluated to determine
whether fecal DNC can accurately predict blood and egg
DNC levels. Fecal fluorescein was also assessed as a field
marker for bait intake and as an indirect measure of
plasma and egg DNC levels.

MATERIALS AND METHODS

The experimental protocol was reviewed by the Colo-
rado State University and National Wildlife Research
Center’s Animal Care and Use Committees and complied
with the Animal Welfare Act. The experiment consisted
of 4 treatment groups, each consisting of 16 breeding pairs
of ducks (Whistling Wings Inc., Hanover, IL), treated with
1) 0 ppm of NCZ (Phibro Animal Health, Inc. Fairfield,
NJ), 2) 125 ppm of NCZ (8.5 mg/kg of BW), 3) 250 ppm
of NCZ (17.0 mg/kg of BW), and 4) 500 ppm of NCZ
(33.75 mg/kg of BW), and only females were treated in
this study. Ducks were randomly assigned to pairs and
treatment groups, and pairs were randomly assigned to
cages. All birds were 30 wk of age at the beginning of
the study, and a 16L:8D light cycle was maintained
throughout. Ducks were maintained on a game bird layer
diet (Purina Mills Inc., St. Louis, MO) that included 3.25
to 4.25% calcium, 0.5% phosphorus, and 16% CP.

The NCZ dose levels were chosen based on previous
studies of NCZ absorption in mallards at the National
Wildlife Research Center that indicated doses greater than
8.4 mg/kg of BW would be necessary to achieve contra-
ceptive effects (Yoder et al., 2005). Doses were formulated
based on a 1.0 kg of average bird weight and were made
by filling number 3 gelatin capsules (Torpac Inc., Fairfield,

YODER ET AL.

NJ) with 25% NCZ on wheat middlings and 0.05 mg of
fluorescein per 15 mg of 25% NCZ. Capsules in the 125-
ppm group contained 8.5 mg of pure NCZ and 0.11 mg
of fluorescein per capsule. Capsules in the 250-ppm group
contained 17.0 mg of pure NCZ and 0.23 mg of fluorescein
per capsule. Capsules in the 500-ppm group contained
33.75 mg of pure NCZ and 0.45 mg of fluorescein per
capsule. Females were given 1 gelatin capsule containing
the appropriate amount of NCZ perorally once a day for
14 d. Control females were given empty number 3 gelatin
capsules perorally.

Seven females from each group were randomly selected
prior to onset of treatment for blood sampling approxi-
mately 3 h after receiving the daily NCZ dose. The same
7 females from each group were used for blood sampling
throughout the study. A total of 3 mL of blood was ob-
tained from the brachial vein once pretreatment, every 3
d during treatment, each of the first 4 d posttreatment,
then once every 3 d until 14 d posttreatment. Two micro-
hematocrit tubes per blood sample were filled and ana-
lyzed for hematocrit (Dein, 1986). Blood smears were
made for analysis of differential counts of white blood
cell types. Slides were prepared in Wright’s buffer (VWR
International, Aurora, CO), and differential counts were
made using an oil immersion field. Each slide was
counted twice, and the results were averaged. The re-
mainder of the blood was centrifuged and plasma stored
at —70°C until analysis of DNC concentration using HPLC
(Primus et al., 2001).

Egg production and egg weight were monitored daily.
For birds included in plasma DNC analysis, eggs laid the
day of blood collection were also analyzed for DNC levels.
Eggs laid the day prior to bleeding from these same birds
were used for SEM analysis. Eggs laid the day after bleed-
ing from these same birds were incubated and hatchabil-
ity recorded. On the day of blood collection, eggs from
birds not included in blood collection were incubated
and hatchability recorded. All other eggs from birds not
included in blood collections were discarded. Eggs that
did not hatch were opened to determine fertility (Prince
et al., 1968). Shell thickness was measured at 5 different
locations using calipers and the results averaged. Eggs
for SEM and DNC analysis were broken open and degree
of mottling assessed. Mottling was assessed using the
following scale: 0 = no mottling, 1 = mild mottling, 2 =
moderate mottling, and 3 = severe mottling. Eggs were
prepared for SEM analysis by removing a portion (ap-
proximately 1 cm?) of vitelline membrane and washing
the membrane with successive washes of saline until yolk
no longer adhered to the membrane. The membrane was
then fixed in 3% glutaraldehyde (G7651, Sigma Chemical
Co., St. Louis, MO) and dried using a successive series
of ethanol washes (25% to 100% ethanol). Finally, the
membrane was immersed in hexamethyldisilazane
(HMDS, 18605, Ted Pella Inc., Redding, CA) for 5 to 15
min and allowed to dry at room temperature. The remain-
der of the egg was homogenized in a blender and ana-
lyzed for DNC content by HPLC (Johnston et al., 2002).
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Fecal samples (approximately 5 g) were obtained from
each bird used for blood collections at the time of blood
sampling and stored at —70°C for analysis of DNC content
by HPLC (Stahl and Johnston, 2002). Fluorescein analysis
was performed by homogenizing 1 g of fecal material in
2 mL of acetonitrile and analyzing the fluorescence on a
Turner model 450 fluorometer. The excitation wavelength
was set at 490 nm, and the emission wavelength was set
at 535 nm. All birds were weighed once pretreatment and
twice during treatment, on 11 and 14 d treatment.

Statistical Analyses

Dates were divided into 5 time periods among groups
for all analyses except bird weight and fecal fluorescence
as follows: 1) pretreatment (1 to 14 d pretreatment), 2)
treatment 1 (1 to 7 d treatment), 3) treatment 2 (8 to 14
d treatment), 4) posttreatment 1 (1 to 3 d posttreatment),
and 5) posttreatment 2 (4 to 14 d posttreatment). The mean
proportion of fertile eggs was calculated by combining the
number of eggs that hatched and the number of eggs that
were fertile (defined either by the presence of an embryo
or blastodisc) post expected hatching date, and dividing
this number by total number of eggs set. The mean pro-
portion of eggs that hatched was calculated by dividing
the number of eggs that hatched by number of eggs set.
Bird weights were grouped into either a pretreatment
or treatment period. Fecal fluorescence was analyzed by
treatment date. All data were analyzed as a mixed effects
model (PROC MIXED, SAS Institute Inc., Cary, NC), and
significance was defined as P < 0.05 for all analyses. Data
were analyzed for treatment, time period, and treatment
x time period effects. Means separations were carried out
using PDMIX800 (Saxton, 1998).

Correlations were determined between fecal, plasma,
and egg DNC levels, and between fecal fluorescence and
plasma, egg, or fecal DNC levels. Correlations were deter-
mined between plasma or egg DNC levels and numbers
of eggs laid, fertility, hatchability, egg weight, shell thick-
ness, mottling score, or hematocrit.

RESULTS

Plasma and egg DNC levels differed among treatment
groups and time periods (Table 1), and a significant treat-
ment by period interaction existed. Peak plasma DNC
levels were 1.36 £ 0.21, 1.74 + 0.20, and 2.97 + 0.18 pg/
mL in the 125-, 250, and 500-ppm groups, respectively.
Peak egg DNC levels were 2.95 + 0.44, 5.25 £ 0.68, and
7.22 £ 0.51 pg/g in the 125-, 250-, and 500-ppm groups,
respectively. Fecal DNC levels differed among time peri-
ods but not among groups (P = 0.2195).

The proportion of fertile eggs and the proportion of
eggs that hatched did not differ among treatment groups
(P = 0.5520 and 0.1918, respectively) or time periods (P =
0.2484 and 0.0742, respectively). However, hatchability
was 0.55 £ 0.10 in the control group compared to 0.26 +
0.10 in the 500-ppm group. There was a significant period
effect for the number of eggs laid per female per day
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(Table 2) but no treatment effect (P = 0.6579). Eggshell
thickness did not differ among treatment groups (P =
0.7184), but there was a significant period effect, with
eggs in post-treatment time periods exhibiting thinner
shells. Egg yolk mottling scores did not differ among
treatment groups (P = 0.7729), but there was a significant
period effect, with eggs having higher mottling scores
during treatment and posttreatment period 1. Egg
weights differed among time periods with eggs weighing
more during the posttreatment time periods, but did not
differ among treatment groups (P = 0.8889). Period effects
for eggs laid per female per day, shell thickness, yolk
mottling, and egg weights were significant whether or
not controls were included in the analysis, and the trends
remained the same.

There was a significant period effect for bird weights
and hematocrit (Table 2), but there was no significant
difference among treatment groups (P = 0.2308 and
0.9100, respectively). Bird weights were lower during the
treatment period. Hematocrit tended to increase over
time, with the highest levels occurring during the post-
treatment periods. Period effects for bird weight and he-
matocrit were significant whether or not controls were
included in the analysis, and the trends remained the
same.

There were significant period effects for eosinophil,
basophil, heterophil, and monocyte counts, and H:L ratios
(Table 3), but means did not differ among treatment
groups (P = 0.1075, 0.3554, 0.9755, 0.7484, and 0.8633,
respectively). Eosinophil and monocyte counts were low-
est during both treatment periods, whereas basophil
counts were lowest only during treatment period 1. Het-
erophil counts and the H:L ratio were lowest during pre-
treatment. Period effects were significant whether the
control group was included in the analysis or not. Mean
lymphocyte counts did not differ among treatment
groups (P = 0.9675) or time periods (P = 0.2085).

Plasma DNC levels were positively correlated with egg
DNC levels during treatment periods 1 and 2 and post-
treatment periods 1 and 2, and with fecal DNC levels
during treatment period 2 (Table 4). Egg DNC levels were
positively correlated with fecal DNC levels during treat-
ment period 1.

Fluorescence was positively correlated with plasma,
egg, and fecal DNC levels overall (Table 5). Plasma DNC
was positively correlated with fluorescence during treat-
ment periods 1 and 2 and posttreatment period 1. Egg
DNC was positively correlated with fluorescence during
treatment period 1. Fecal DNC was positively correlated
with fluorescence during treatment periods 1 and 2.

Shell thickness was positively correlated with plasma
DNC at 125 and 500 ppm (Table 6). Egg weight was
negatively correlated with plasma DNC at 250 and 500
ppm. Egg yolk mottling was positively correlated with
egg DNC at 500 ppm. Fertility and hatchability were
negatively correlated with egg DNC at 250 ppm. Bird
weight was negatively correlated with egg DNC at 250
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Table 1. Plasma, egg, and fecal 4,4’-dinitrocarbanilide (DNC) levels for female mallards given 125 ppm (8.5
mg/kg of BW), 250 ppm (17.0 mg/kg of BW), or 500 ppm (33.75 mg/kg of BW) of nicarbazin perorally once

daily for 14 d at the National Wildlife Research Center, Fort Collins, CO, May to June, 2000

Plasma DNC Egg DNC Fecal DNC
(wg/mL) (ng/g) (ng/8)
Group Period' n Mean SE n Mean SE n Mean SE
0 ppm PRE 7 0.00 0.28 3 0.00°0 0.68 7 0.30%° 14.17
TRT1 21 0.00* 0.18 7 0.01? 0.46 21 0.03? 8.18
TRT2 14 0.00° 0.21 4 0.07° 0.56 14 0.03%° 10.02
POST1 21 0.00 0.18 5 0.00? 0.55 20 0.00*P 8.38
POST2 28 0.00? 0.16 8 0.01? 0.44 14 0.00? 10.02
125 ppm PRE 7 0.022 0.27 6 0.00? 0.46 7 0.00*? 13.26
TRT1 21 1.31° 0.18 12 1.52b¢ 0.37 21 24.70° 8.18
TRT2 14 1.36° 0.21 8 2.95d¢ 0.44 14 1.69%0 10.02
POST1 21 0.112 0.18 7 2.34%4 0.47 18 0.08? 8.84
POST2 29 0.00* 0.16 10 0.35 0.41 14 0.00*P 10.02
250 ppm PRE 7 0.00° 0.28 3 0.03%° 0.68 7 0.00*? 14.17
TRT1 23 1.42° 0.17 8 0.85%P 0.44 23 19.19%P 7.82
TRT2 16 1.74° 0.20 3 5.258 0.68 16 3.79°P 9.37
POST1 24 0.18° 0.17 9 3.81%8 0.41 22 6.52°P 7.99
POST2 31 0.00* 0.15 10 0.52%0 0.38 16 0.00? 9.37
500 ppm PRE 7 0.00? 0.28 2 0.05%P 0.83 7 0.00*P 14.17
TRT1 21 2.97¢ 0.18 5 3.45%f 0.55 21 53.28¢ 8.18
TRT2 14 2.344 0.21 6 7.220 0.51 13 15.61%P 10.40
POST1 22 0.22° 0.18 8 4.63%8 0.44 18 0.19%0 8.60
POST2 28 0.012 0.16 9 0.18? 0.40 14 0.20? 10.02

*h"Means within columns within treatment groups with different superscripts are significantly different (P <
0.05). Means are from the LSMEANS option in PROC MIXED (SAS 9.1, Cary, NC).

IPRE = pretreatment d 1 to 14; TRT1 = treatment d 1 to 7; TRT2 = treatment d 8 to 14; POST1 = posttreatment

d 1 to 3; POST2 = posttreatment d 4 to 14.

The outer and inner vitelline membranes (Figure 1)
exhibited degenerative changes in a dose-related manner.
Minor degenerative changes were observed in the outer
vitelline membrane in the 125-ppm group, but the inner
vitelline membrane did not have any discernible changes
at 13 d treatment. Easily detectable changes in the outer
vitelline membrane occurred in the 250-ppm group, and
the inner membrane exhibited only minor changes by 1
d posttreatment. Dramatic changes were observed in the
outer vitelline membrane in the 500-ppm group by 9 d
treatment, such that it was difficult to ascertain which
side of the membrane was being observed in some eggs
(Figure 1). The inner vitelline membrane of the 500-ppm
group exhibited only minor changes by 9 d treatment.

Severe degradation of the outer vitelline membrane con-
tinued to occur through the end of the treatment period,
with only very minor changes occurring in the inner vitel-
line membrane in the 500-ppm group. Although still eas-
ily noticeable, degradation in the outer vitelline mem-
brane in the 500-ppm group became less severe during
the first 3 d posttreatment.

DISCUSSION

When ducks were fed increasing amounts of NCZ,
DNC levels in blood plasma, eggs, and feces exhibited a
dose response relationship (Figure 2). Although there was
little difference between 125 (8.5 mg/kg of BW) and 250

Table 2. Period effects across treatment groups for eggs laid/female per day, shell thickness, egg yolk mottling, egg weight, bird weight, and
hematocrit in female mallards given nicarbazin perorally once daily for 14 d at the National Wildlife Research Center, Fort Collins, CO, May to

June, 2000

PRE! TRT1 TRT2 POST1 POST2
Item n Mean SE n Mean SE n Mean SE n Mean SE n Mean SE
Eggs laid/female/day 882 0.33*  0.03 441 037 0.03 441 0.27° 0.03 189 033 004 693 028 0.3
Shell thickness (mm) 15 032* 001 33 031° 001 30 0.28° 001 29 022 001 57 023 001
Yolk mottling score? 15 0.00* 018 33 011* 012 28 051 012 29  072° 012 57  040° 0.08
Egg weight (g) 293 43.03° 345 114 4342** 349 117  4390°® 347 65 44.63"° 352 197 4493® 346
Bird weight® (g) 63 10059 159 126 959.8° 11.2
Hematocrit (%) 14 36.8° 1.2 66 389 07 58  40.0° 0.7 86 39.7° 07 116 39.9* 06

““Means within rows with different superscripts significantly different (P < 0.05). Means are from the LSMEANS option in PROC MIXED (SAS

9.1, Cary, NC).

IPRE = pretreatment d 1 to 14; TRT1 = treatment d 1 to 7; TRT2 = treatment d 8 to 14; POST1 = posttreatment d 1 to 3; POST2 = posttreatment

d 4 to 14.

2Yolk mottling scores were assigned using the following scale: 0 = no mottling, 1 = mild mottling, 2 = moderate mottling, and 3 = severe mottling.
%Birds were only weighed once during pretreatment, and on 11 and 14 d treatment.
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Table 3. Period effects across treatment groups for differential counts of white blood cell types and heterophil:lymphocyte ratio (H:L) in female
mallards given nicarbazin perorally once daily for 14 d at the National Wildlife Research Center, Fort Collins, CO, May to June, 2000"

PRE TRT1 TRT2 POST1 POST2

Item n Mean SE n Mean SE n Mean SE n Mean SE n Mean SE
Eosinophils (%) 26 2.0%b 03 89 1.8>¢ 02 57 1.4¢ 02 87 2.42 02 116 252 0.2
Basophils (%) 26 26 04 89 2.0° 03 57 2.6° 03 87 2.7¢ 03 116 3.1° 0.2
Heterophils (%) 26 57.1° 28 89 638 1.8 57 645° 21 87  615* 18 116  59.5° 1.7
Monocytes (%) 26 2.3 03 89 1.9 02 57 0.8° 02 87 1.0° 02 116 2.1° 0.1
Lymphocytes® (%) 26 359 26 89 305 17 57 306 19 87 324 17 116  328P 16
H:L? 26 1.8° 03 89 2.6 02 57 2.5 02 87 23 02 116 2.3 0.2

““Means within rows with different superscripts are significantly different (P < 0.05).
PRE = pretreatment d 1 to 14; TRT1 = treatment d 1 to 7; TRT2 = treatment d 8 to 14; POST1 = posttreatment d 1 to 3; POST2 = posttreatment

d 4 to 14.
No significant period effect on lymphocytes at P < 0.05.
Heterophhil:lymphocyte ratio.

ppm (17.0 mg/kg of BW) in resulting plasma DNC levels,
DNC levels for birds given 500 ppm NCZ (33.75 mg/kg
of BW) were significantly higher. The peak DNC level at
500 ppm was 2.97 pg/mL in blood plasma during treat-
ment period 1. Previous studies reported a minimum
plasma level of 2.9 pg/mL is needed to observe reproduc-
tive effects in chickens (Jones et al., 1990b; Yoder et al.,
2005). Results from this study show that a minimum level
of 500 ppm (33.75 mg/kg of BW) is needed to affect
reproduction in mallards, likely due to differences be-
tween species in absorption in the gut and metabolism
of NCZ.

Peak plasma DNC levels were obtained in the first
week of treatment, and peak egg DNC levels were not
observed until the second week of treatment. Plasma
DNC was nearly undetectable by 3 d posttreatment,
whereas egg DNC levels did not fall below 1 pg/g until
14 d posttreatment. It appears that in order to affect egg
hatchability, NCZ must be fed to waterfowl a minimum
of 2 wk prior to the start of egg laying.

No significant treatment effect of NCZ on hatchability
was found in this study, but this is probably due to the
small sample size rather than a lack of NCZ effect. Power
to detect differences ranged from 20 to 32% in this study,
and sample sizes would need to be 4 to 6 times larger to
achieve 90% power. The proportion of eggs that hatched

overall in the control group was 0.55 £ 0.10 compared to
0.26 £ 0.10 in the 500-ppm treatment group. This is a 53%
reduction in proportion of eggs hatching, which could
be biologically significant depending on species of bird.
There was no discernable difference in proportion of eggs
hatching in the 125 ppm (0.49 * 0.09) or 250 ppm (0.47 +
0.11) groups compared with the control group. However,
hatchability did exhibit a dose related decrease. The ad-
verse effect of NCZ on hatchability of chicken eggs has
been well documented. Levels as low as 20 ppm (20 mg/
kg of feed) adversely affect reproduction (Jones et al.,
1990a). Feeding 25 ppm (25 mg/kg of feed) for as few as
4 d reduced hatchability by 54% (Hughes et al., 1991).
The results of this study indicate that the lowest dose
that should be considered for further experimentation
with waterfowl is 500 ppm (33.75 mg/kg of BW).

On average, fertility decreased by 13% overall in all
treated groups as compared to the control group in this
study. This is consistent with findings from previous
studies showing a 10-50% decrease in fertility of eggs laid
by hens treated with 6 to 700 ppm NCZ in feed (6 mg/
kg of feed to 700 mg/kg of feed; Sherwood et al., 1956;
Lucas, 1958). However, findings of adverse effects of NCZ
on fertility in chickens are widely variable, and may de-
pend on strain of chicken. Other studies found no effect
of NCZ on fertility of eggs laid by hens treated with 100

Table 4. Correlations between plasma, egg, and fecal 4,4’-dinitrocarbanilide (DNC) levels in female mallards
given nicarbazin perorally once daily for 14 d at the National Wildlife Research Center, Fort Collins, CO, May

to June, 2000

Plasma DNC Egg DNC Fecal DNC

Item n r n r n r

Plasma DNC TRT1! 31 0.68968* 85 0.14727
TRT2 13 0.80085* 57 0.42740*
POST1 28 0.42832* 79 0.00830
POST2 26 0.69378*

Egg DNC TRT1 31 0.68968* 32 0.55967*
TRT2 13 0.80085* 13 0.36485
POST1 28 0.42832* 27 0.29918
POST2 26 0.69378*

ITRT1 = treatment d 1 to 7, TRT2 = treatment d 8 to 14, POST1 = posttreatment d 1 to 3, POST2 = posttreatment

d 4 to 14.
*Significant correlation at P < 0.05.
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Table 5. Correlations between fecal fluorescein fluorescence and plasma, egg, and fecal 4,4’-dintrocarbanilide
(DNC) levels in female mallards given nicarbazin perorally once daily for 14 d at the National Wildlife Research

Center, Fort Collins, CO, May to June, 2000

Plasma DNC Egg DNC Fecal DNC
n r n r n r
Fluorescence TRT1! 27 0.50856* 10 0.82654* 27 0.55498*
TRT2 33 0.65281* 8 0.58515 33 0.65570*
POST1 38 0.47184* 13 -0.07880 38 -0.04169
Overall 98 0.60843* 31 0.36513* 98 0.53327*

ITRT1 = treatment d 1 to 7; TRT2 = treatment d 8 to 14; POST1 = posttreatment d 1 to 3.

*Significant correlation at P < 0.05.

ppm of NCZ in feed (100 mg/kg of feed; Jones et al,
1990a; Hughes et al., 1991).

Although no statistically significant effect of NCZ on
egg production was found, treatment groups had a
greater percent decrease in egg production than did the
control group. Egg production in the control group de-
creased by 13% from treatment period 1 to 2, whereas
egg production decreased by 28, 43, and 26% in the
125-, 250-, and 500-ppm groups, respectively. Previous
studies showed decreased egg production of 30 to 75%
in layer hens fed 100 ppm (100 mg/kg of feed) NCZ in
feed (Jones et al., 1990a,b; Hughes et al., 1991). A higher
NCZ dose likely is needed to observe a significant effect
on egg production in mallards.

No effect of NCZ on eggshell thickness was found in
this study, in contrast to results of studies with chickens.
However, the effect of NCZ on eggshell thickness in layer
hens is variable and may depend on strain and age of
chicken. Jones et al. (1990b) found 125 ppm of NCZ in

feed (125 mg/kg of feed) decreased shell thickness in
eggs laid by White Leghorn hens, whereas there was no
effect on shell thickness of eggs laid by New Hampshire
hens treated at the same level (McLoughlin et al., 1957).
Increasing the NCZ content of feed to 400 ppm (400 mg/
kg of feed) had no effect on shell thickness of eggs laid
by New Hampshire chickens (Ott et al., 1956). It is possible
that mallards did not receive a high enough NCZ dose
to affect shell thickness or that their eggs are not suscepti-
ble to NCZ-related thinning.

Egg yolk mottling due to NCZ is a well-documented
effect. Severity of mottling increases with increasing lev-
els of NCZ in the feed (Polin et al., 1957; Jones et al.,
1990b). Additionally, storage time exacerbates the mot-
tling effect (Baker et al., 1957; Polin et al., 1958; Silvestrini
et al., 1965). Because eggs in this study were opened
within 1 to 2 d of laying, it is possible that the mottling
may not have been severe enough to be seen at that stage.
Polin (1957) reported that eggs from hens fed 125 ppm

Table 6. Correlations of reproductive parameters, egg quality parameters, and bird weight with plasma and
egg 4,4’-dinitrocarbanilide (DNC) levels in female mallards given 125 ppm (8.5 mg/kg), 250 ppm (17.0 mg/
kg), or 500 ppm (33.75 mg/kg) of nicarbazin perorally once daily for 14 d at the National Wildlife Research

Center, Fort Collins, CO, May to June, 2000

Plasma DNC Egg DNC
Group Parameter n r n r
125 ppm Egg shell thickness 41 0.41462* 44 0.07802
Egg weight 41 -0.07271 44 -0.01706
Mottling score 41 -0.23310 43 0.13090
Fertility 12 0.17481 11 0.24359
Hatchability 12 0.39130 11 0.03818
Bird weight 14 —-0.40402 10 —-0.33278
250 ppm Egg shell thickness 27 0.34840 34 -0.25511
Egg weight 28 —0.54232* 34 -0.13052
Mottling score 27 0.34351 34 0.18166
Fertility 11 -0.36510 8 -0.71261*
Hatchability 11 —-0.36510 8 -0.71261*
Bird weight 15 -0.49440 6 -0.80802*
500 ppm Egg shell thickness 23 0.70012* 31 0.18108
Egg weight 23 —-0.51691* 31 —0.18685
Mottling score 23 -0.13185 31 0.40780*
Fertility 5 — 9 0.29445
Hatchability 9 —-0.18274 9 -0.42557
Bird weight 14 -0.28385 5 -0.36042

Yolk mottling scores were assigned using the following scale: 0 = no mottling, 1 = mild mottling, 2 = moderate

mottling, and 3 = severe mottling.

No correlation coefficients or P values for fertility and plasma DNC in the SAS (Cary, NC) output due to

having no SEM for fertility.
*Significant correlation at P < 0.05.
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Figure 1. A) Transmission electron micrograph of a fresh chicken vitelline membrane (magnification 4000x; im = inner membrane; om = outer
membrane; cm = continuous membrane); B) Scanning electron micrographs (SEM) of the inner vitelline membrane from eggs laid on treatment d
9 by mallards treated with 500 ppm (33.75 mg/kg of BW) of nicarbazin perorally once daily for 14 d at the National Wildlife Research Center,
Fort Collins, CO, May to June, 2000; C) SEM of the inner vitelline membranes from eggs laid on treatment d 9 by control mallards at the National

Wildlife Research Center, Fort Collins, CO, May to June, 2000.

of NCZ in feed (125 mg/kg of feed) had almost no mot-
tling soon after laying, but that mottling increased after
5 d of storage in a cold room. However, at 500 ppm in
this study, there was a significant positive correlation
between yolk mottling scores and egg DNC levels. It is
also likely that a higher level of NCZ would be needed
to observe differences in mottling effects among treat-
ment groups.

Authors of earlier studies speculated that mottling of
the egg yolk was due to a change in the permeability of
the vitelline membrane, which allowed yolk and albumen
to mix (Polin, 1957; van Tienhoven et al., 1958; Cunning-
ham, 1977). No electron microscopy of vitelline mem-
branes was performed in any of these studies, so authors
could only speculate as to the cause of the yolk mottling.
The inner layer of the vitelline membrane is formed in
the ovary (Bellairs et al., 1963; Wyburn et al., 1965), and
the thin continuous and outer vitelline membrane layers
are laid down in the infundibulum (Bellairs et al., 1963;
Bain and Hall, 1969). The degenerative changes observed
in this study in the vitelline membrane were primarily
in the outer membrane. This suggests that there may
be a factor in albumen due to treatment with NCZ that
influences changes in the outer vitelline membrane.

An examination of follicles from ovaries of NCZ-
treated chickens revealed no yolk damage (Baker et al.,

1957; Polin, 1957; Mitchell and Stadelman, 1958; van Tien-
hoven et al., 1958), indicating that yolk damage due to
NCZ occurs after the inner vitelline membrane is laid
down. Some eggs within the oviduct showed yolk dam-
age (Baker et al., 1957; Mitchell and Stadelman, 1958; van
Tienhoven, 1958), although yolk damage became more
apparent after a period of storage (Polin, 1957; van Tien-
hoven, 1958). This indicates that damage occurs sometime
after deposition of the outer vitelline membrane, and at
lower levels of NCZ, the vitelline membrane may require
a period of exposure to albumen before damage is evi-
dent. A prior study on deposition of NCZ metabolites in
the egg showed DNC is deposited primarily in yolk, and
HDP is deposited in both yolk and albumen in a ratio of
3:1 (Cannavan et al., 2000). Thus, it seems likely that either
HDP or DNC metabolites may be causing some of the
changes associated with vitelline membrane damage.
The appearance of vitelline membranes in this study
was similar in appearance to membranes from aged eggs
(Kirunda and McKee, 2000). Britton (1973) suggested that
NCZ accelerates the natural aging process, leading to an
increased incidence of yolk mottling. Aging of eggs causes
a decrease in vitelline membrane strength (Kirunda and
McKee, 2000), partly due to a loss of 2 outer vitelline
membrane proteins, VMOl and VMO2 (Back, 1984;
Schifer et al., 1998), and degradation of one inner vitelline
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Figure 2. Levels of 4,4"-dinitrocarbanilide (DNC) in A) plasma, B)
egg, and C) feces of female mallards given 125 ppm (8.5 mg/kg), 250
ppm (17.0 mg/kg), or 500 ppm (33.75 mg/kg) of nicarbazin perorally
once daily for 14 d at the National Wildlife Research Center, Fort Collins,
CO, May to June, 2000. PRE =1 to 14 d pretreatment; TRT1 =1 to 7 d
treatment; TRT2 = 8 to 14 d treatment; PST1 = 1 to 3 d posttreatment;
and PST2 = 4 to 14 d posttreatment.

membrane glycoprotein, GPII (Kido et al., 1975). Degrada-
tion of the vitelline membrane observed in this study
may be due to the loss of the outer vitelline membrane
proteins, VMO1 and VMO2. Electrophoretic studies need
to be conducted to confirm this.

Period effects were noted in egg production, shell thick-
ness, and egg mottling across treatment groups. This
might have been due to the ducks entering a partial molt.
The ducks had been laying eggs for 3 mo prior to the
start of this experiment. Egg production consistently de-
clined in all treatment groups from treatment period 1 to
2. Egg production increased in posttreatment period 1 in
all groups, and continued to increase during posttreat-
ment period 2 in the 500-ppm group. Egg production
decreased during posttreatment period 2 to treatment

YODER ET AL.

period 2 levels in the 125-ppm group, decreased to the
lowest level in the 250-ppm group, and decreased to pre-
treatment levels in the control group. By posttreatment
period 2, egg production was higher than it had been
during treatment in all groups but was still lower than
pretreatment levels. This is consistent with what occurs
in birds at the end of the laying year (Potts and Washburn,
1983; Grossman et al., 2000; Rodriguez-Navarro et al.,
2002). Eggshell thickness also decreased in all treatment
groups, reaching the lowest thickness during posttreat-
ment period 1. Yolk mottling scores increased until post-
treatment period 1 and then decreased. This may also
have been due to reproductive senescence at the end of
the laying year (Souza et al., 1994).

Period effects were also noted in bird weights. All treat-
ment groups consistently lost weight throughout the
treatment period. This may have been due to the stress
of handling for dosing, blood sampling, and weighing.
Control birds lost 2.6% of their pretreatment body weight,
whereas treated birds lost 4.3 to 6.6% of their pretreatment
body weight. The slightly higher weight loss in the treated
groups may be due to NCZ itself. Nicarbazin reduces
feed efficiency and weight gain in chickens (Bartov, 1989a;
Sorribas et al., 1993). Bartov (1989b) found that NCZ sig-
nificantly decreased weight gain and feed efficiency at
100 to 200 mg/kg of feed.

It is evident from the elevated H:L ratios during treat-
ment and post-treatment periods that mallards were ex-
periencing stress. Elevated H:L ratios are known to be
associated with increased levels of stress in birds (Gross
and Siegel, 1983; Vijayan and Rema, 1997; Kontecka et
al., 1999). Because both the control and treated groups
had elevated H:L ratios that were not significantly differ-
ent, the stress was most likely due to repeated handling.

Fecal DNC levels were only significantly correlated
with plasma DNC levels during treatment period 2, and
therefore do not provide a good estimate of plasma DNC
levels. To be a useful estimator, fecal DNC should also
have been significantly correlated with plasma DNC dur-
ing treatment period 1 and posttreatment period 1. Dur-
ing posttreatment period 2, DNC was undetectable in
plasma and feces as DNC was 297% cleared from plasma
by 3 d posttreatment. One reason why fecal DNC might
not have been correlated with plasma DNC during these
periods is that mallards were given a bolus dose rather
than eating treated feed throughout the day. This likely
results in more DNC being eliminated in feces quickly
rather than an even elimination throughout the day. Be-
cause a single fecal sample was obtained at the time of
blood sampling, it is possible that the sample we obtained
contained lower amounts of DNC than an earlier or later
fecal sample might have contained. A study should be
conducted to test whether fecal DNC correlates better
with plasma DNC when NCZ is fed ad libitum. This
would provide a non-invasive way to assess plasma DNC
levels in a field situation without having to capture the
bird.

Egg DNC levels correlated well with plasma DNC lev-
els, particularly by treatment period 2. This means un-
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Figure 3. Fecal fluorescein levels of female mallards given 0.11 mg
(125 ppm group), 0.23 mg (250 ppm group), or 0.45 mg (500 ppm group)
of fluorescein perorally once daily for 14 d at the National Wildlife
Research Center, Fort Collins, CO, May to June, 2000. TRT1 =1to 7 d
treatment; TRT2 = 8 to 14 d treatment; and POST1 = 1 to 3 d post-
treatment.

hatched eggs could be collected in the field and analyzed
for DNC content to give a measure of NCZ in blood.
However, this would only provide supporting informa-
tion after treatment had taken place and would not allow
a change in dosing protocol during the treatment period if
DNC levels were too low to expect a contraceptive effect.

Fecal fluorescein levels were dose-related (Figure 3)
and provided a reasonably good estimate of plasma DNC
levels but not egg DNC levels. Because egg DNC levels
lag behind plasma DNC levels, it is not expected that
fluorescein would provide a good estimate of egg DNC
levels. This technique would allow for collection of feces
around nest sites for analysis of fluorescein and would
give a general idea of how much NCZ each pair of geese
ingested. It would not be possible to distinguish between
male and female fecal material without genetic analysis.
If feces were collected around bait stations, a change in
dosing protocol during the treatment period could be
made if fluorescein levels indicated low DNC levels. A
handheld fluorometer could be used in the field for
quick analysis.

As a contraceptive, NCZ may be ideal where waterfowl
can be fed on a daily basis during egg laying. It is quickly
cleared from the system and does not appear to produce
any ill health effects at the levels investigated. Further
laboratory studies with mallards should be done using
500 ppm (33.75 mg/kg of BW) as the starting dose and
feeding treated feed rather than bolus administration of
a capsule orally. This would simulate more closely what
would be done in the field, and NCZ may be better ab-
sorbed if fed throughout the day rather than giving a
bolus dose.

ACKNOWLEDGMENTS

We thank Kuffolk for providing funding, Phibro Ani-
mal Health for providing nicarbazin for this study, and
the National Wildlife Research Center for providing the
facilities. A. Tucker of Colorado State University provided

1283

the blood gas analyzer. R. Engeman of the National Wild-
life Research Center assisted with the statistical analysis.
K. Bentler, K. Crane, T. Felix, and V. Lamb of the National
Wildlife Research Center provided technical assistance.
K. Fagerstone provided comments on an earlier version
of the manuscript.

REFERENCES

Ankney, C. K. 1996. An embarrassment of riches: Too many
geese. ]. Wildl. Manage. 60:217-223.

Back, J. F. 1984. Changes in the proteins of the vitelline mem-
brane of hens’ eggs during storage. Biochim. Biophys. Acta
799:319-321.

Bain, J. M., and ]J. M. Hall. 1969. Observations on the develop-
ment and structure of the vitelline membrane of the hen’s
egg: An electron microscope study. Aust. J. Biol. Sci.
22:653-665.

Baker, R. C., R. W. Hill, A. van Tienhoven, and J. H. Bruckner.
1957. The effect of nicarbazin on egg production and egg
quality. Poult. Sci. 36:718-726.

Bartov, I. 1989a. Lack of interactive effect of nicarbazin and
dietary energy-to-protein ratio on performance and abdomi-
nal fat pad weight of broiler chicks. Poult. Sci. 68:1535-1539.

Bartov, I. 1989b. Lack of effect of dietary factors on nicarbazin
toxicity in broiler chicks. Poult. Sci. 68:145-152.

Bellairs, R., M. Harkness, and R. D. Harkness. 1963. The vitelline
membrane of the hen’s egg: A chemical and electron micro-
scopical study. J. Ultrastruc. Res. 8:339-359.

Britton, W. M., 1973. Vitelline membrane chemical composition
in natural and induced yolk mottling. Poult. Sci. 52:459—464.

Britton, W. M., and K. K. Hale Jr. 1975. Stepwise discriminant
analysis of amino acid composition of vitelline membranes
from yolks exhibiting various degrees of mottling. Poult. Sci.
54:64-69.

Cannavan, A., G. Ball, and D. G. Kennedy. 2000. Nicarbazin
contamination in feeds as a cause of residues in eggs. Food
Addit. Contam. 17:829-836.

Chapman, D. H. 1994. A review of the biological activity of
the anticoccidial drug nicarbazin and its application for the
control of coccidiosis in poultry. Poult. Sci. Rev. 5:231-243.

Conover, M. R,, and G. G. Chasko. 1985. Nuisance Canada
goose problems in the eastern United States. Wildl. Soc. Bull.
13:228-233.

Cuckler, A. C., C. M. Malanga, A. J. Basso, and R. C. O’Neill.
1955. Antiparasitic activity of substituted carbanilide com-
plexes. Science 122:244-245.

Cunningham, F. E. 1976. Composition and functional properties
of mottled yolks. Poult. Sci. 55:994-998.

Cunningham, F. E. 1977. Properties of albumen from eggs hav-
ing mottled yolks. Poult. Sci. 56:1819-1821.

Dein, F. J. 1986. Hematology. Pages 174-191 in Clinical Avian
Medicine and Surgery. G. J. Harrison and L. R. Harrison, ed.
W. B. Saunders Company, Philadelphia, PA.

Fairaizl, S. D. 1992. An integrated approach to the management
of urban Canada goose depredations. Pages 105-109 in Proc.
15th Vertebrate Pest Conf., Newport Beach, CA. Univ. Ca-
lif., Davis.

Forbes, J. E. 1993. Survey of nuisance urban geese in the United
States. Pages 92-101 in Proc. 11th Great Plains Wildlife Dam-
age Control Workshop, Kansas City, MO. Kansas State
Univ., Manhattan.

Gosser, A. L., and M. R. Conover. 1999. Will the availability of
insular nesting sites limit reproduction in urban Canada
goose populations? ]J. Wildl. Manage. 63:369-373.

Gross, W.B.,and H. S. Siegel. 1983. Evaluation of the heterophil /
lymphocyte ratio as a measure of stress in chickens. Avian
Dis. 27:972-979.



1284

Grossman, M., T. N. Gossman, and W. J. Koops. 2000. A model
for persistency of egg production. Poult. Sci. 79:1715-1724.

Heusmann, H. W. 1999. Special hunting seasons and resident
Canada goose populations. Wildl. Soc. Bull. 27:456-464.

Hughes, B. L., J. E. Jones, J. E. Toler, ]J. Solis, and D. J. Castaldo.
1991. Effects of exposing broiler breeders to nicarbazin con-
taminated feed. Poult. Sci. 70:476-482.

Johnston, J. J., W. M. Britton, A. MacDonald, T. M. Primus, M.
J. Goodall, C. A. Yoder, L. A. Miller, and K. A. Fagerstone.
2002. Quantification of plasma and egg 4,4’-dinitrocarbani-
lide (DNC) residues for the efficient development of a nicar-
bazin-based contraceptive for pest waterfowl. Pest Manag.
Sci. 58:197-202.

Jones, J. E., B. L. Hughes, ]. Solis, D. J. Castaldo, and J. E. Toler.
1990a. Effect of nicarbazin on brown-egg layer-breeders.
Appl. Agric. Res. 5:149-152.

Jones, J. E., J. Solis, B. L. Hughes, D. ]J. Castaldo, and J. E.
Toler. 1990b. Production and egg quality responses of White
Leghorn layers to anticoccidial agents. Poult. Sci. 69:378-387.

Kido, S., M. Janado, and H. Nunoura. 1975. Macromolecular
components of the vitelline membrane of hen’s egg I. Mem-
brane structure and its deterioration with age. J. Biochem.
78:261-268.

Kirunda, D. F. K., and S. R. McKee. 2000. Relating quality charac-
teristics of aged eggs and fresh eggs to vitelline membrane
strength as determined by a texture analyzer. Poult. Sci.
79:1189-1193.

Kontecka, H., J. M. Ksiazkiewicz, and L. Nogowski. 1999. Effects
of different stressors on laying rate and selected blood indices
in reproductive ducks. J. Anim. Feed Sci. 8:63-72.

Lucas, J. M. S. 1958. The effect of nicarbazin on growth rate,
sexual maturity, egg production, fertility, and hatchability.
J. Comp. Path. 68:300-307.

McDougald, L. R., and T. E. McQuistion. 1980. Mortality from
heat stress in broiler chickens influenced by anticoccidial
drugs. Poult. Sci. 59:2421-2423.

McLoughlin, D. K., E. E. Wehr, and R. Rubin. 1957. Egg shell
color and egg production in New Hampshire laying hens as
affected by nicarbazin medication. Poult. Sci. 36:880-884.

Mitchell, J. D., and W. J. Stadelman. 1958. Natural and induce
yolk mottling. Poult. Sci. 37:1227.

Ott, W. H., S. Kuna, C. C. Porter, and A. C. Cuckler. 1956.
Biological studies on nicarbazin, a new anticoccidial agent.
Poult. Sci. 35:1355-1367.

Polin, D. 1957. Biochemical and weight changes of mottled yolks
in eggs from hens fed nicarbazin. Poult. Sci. 36:831-835.
Polin, D., W. H. Ott, and O. H. Siegmund. 1957. The incidence
and degree of yolk mottling in eggs from hens fed diets with

and without nicarbazin. Poult. Sci. 36:524-528.

Polin, D., W. H. Ott, and A. Zeissig. 1958. Field studies on the
effect of nicarbazin on egg quality. Poult. Sci. 37:898-909.
Potts, P. L., and K. W. Washburn. 1983. The relationship of
age, method of measuring, and strain on variation in shell

strength. Poult. Sci. 62:239-246.

YODER ET AL.

Primus, T. M., D. J. Kohler, M. A. Goodall, C. Yoder, D. Griffin,
L. Miller, and J. ]J. Johnston. 2001. Determination of 4,4’-
dinitrocarbanilide (DNC), the active component of the anti-
fertility agent nicarbazin, in chicken, duck, and goose plasma.
J. Agric. Food Chem. 49:3589-3593.

Prince, H. H., P. B. Siegel, and G. W. Cornwell. 1968. Embryonic
growth of mallard and Pekin ducks. Growth 32:225-233.
Rodriguez-Navarro, A., O. Kalin, Y. Nys, and J. M. Garcia-Ruiz.
2002. Influence of the microstructure on the shell strength of
eggs laid by hens of different ages. Br. Poult. Sci. 43:395-403.

Rogers, E. F., R. D. Brown, ]. E. Brown, D. M. Kazazis, W. J.
Leanza, J. R. Nichols, D. A. Ostlind, and T. M. Rodino. 1983.
Nicarbazin complex yields dinitrocarbanilide as ultrafine
crystals with improved anticoccidial activity. Science
222(4624):630-632.

Saxton, A. M. 1998. A macro for converting mean separation
output to letter groupings in Proc Mixed. Pages 1243-1246
in Proceedings of the Twenty-third SAS Users Group Interna-
tional. SAS Institute, Cary, NC.

Schifer, A., W. Drewes, and F. Schwégele. 1998. Analysis of
vitelline membrane proteins of fresh and stored eggs via
HPLC. Z. Lebensm. Unters Forsch A 206:329-332.

Sherwood, D. H., T. T. Milby, and W. A. Higgins. 1956. The
effect of nicarbazin on reproduction in White Rock breeder
hens. Poult. Sci. 35:1014-1019.

Silvestrini, D. A., L. E. Dawson, R. J. Evans, and J. A. Davidson.
1965. Effects of nicarbazin in diet on mottle yolks I. Incidence
and degree of mottling, and certain yolk proteins. Poult. Sci.
44:467-473.

Sorribas, V., M. P. Arruebo, H. Navarro, and A. I. Alcalde. 1993.
Nicarbazin stimulates intestinal transport of L-leucine in rab-
bit. J. Vet. Pharmacol. Ther. 16:32-37.

Souza, H. B. A. De, P. A. De Souza, E. Brognoni, and O. E.
Rocha. 1994. The influence of hen age on the internal quality
of the eggs. Cientifica (Jaboticabal) 22:217-226.

Stahl, R. S., and J. J. Johnston. 2002. High-performance liquid
chromatography-based determination of nicarbazin excre-
tion in waterfowl. J. Chromatogr. B Biomed. Sci. Appl.
775:103-108.

Stout, R. J., B. A. Knuth, and P. D. Curtis. 1997. Preferences of
suburban landowners for deer management techniques: A
step towards better communication. Wildl. Soc. Bull.
25:348-359.

van Tienhoven, A., F. W. Hill, A. Prock, and R. C. Baker. 1958.
The effect of nicarbazin on yolk quality. Poult. Sci. 37:129-132.

Vijayan, N., and L. P. Rema. 1997. Heterophil lymphocyte ratio
as a measure of stress in two strains of chicken. J. Vet. Anim.
Sci. 28:37-38.

Wyburn, G. M., H. S. Johnston, and R. N. C. Aitken. 1965.
Specialized plasma membranes in the preovulatory follicle
of the fowl. Z. Zellforsch. 68:70-79.

Yoder, C. A., L. A. Miller, and K. S. Bynum. 2005. Comparison
of nicarbazin absorption in chickens, mallards, and Canada
geese. Poult. Sci. 84:1491-1494.



